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Abstract: Molecular dynamic simulation on iron in high-temperature molten lead-bismuth eutectic has been carried
out to investigate the iron corrosion and its mitigation. The aim of the work is to investigate the corrosion and evaluate
proper oxygen content of injection for signiﬁcant and eﬀective reduction. To study the phenomena we calculated the
diﬀusion coeﬃcients, radial distribution functions and mean square displacement of iron, and also observed the microstructure of iron before and after oxygen injection into coolant. The present calculation shows that a signiﬁcant and
eﬀective reduction of corrosion can be achieved by injection of 7.68 × 10 −2 –1.55 × 10 −1 wt% into coolant at temperature
750 ◦ C. It is predicted that the lower limit of oxygen content, 7.68 × 10 −2 wt%, is the minimum value to develop a
self-healing stable protective oxide ﬁlm for preventing high dissolution of iron; and that the upper limit of oxygen content,
1.55 × 10 −1 wt%, is the maximum value in order to avoid the precipitation of coolant oxides. By injection of 7.68 × 10 −2
wt% of oxygen, the corrosion rate has been reduced about 92.16% at 750
temperature 550

◦

◦

C, and reduced by 98.66% at the lower

C, compared with the normal, oxygenless condition.
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1. Introduction
It has been known that the lead-bismuth eutectic (LBE) is an important coolant candidate for advanced nuclearreactors design. This coolant has advantage properties such as low melting temperature (∼125.1
boiling temperature (∼1670

◦

◦

C), high

C) and chemical stability [1–3]. However, it is also well known that the fuel

cladding of the reactor is severely corroded due to its interaction with high temperature molten LBE [3–6].
The LBE has high solubility for iron, chromium and especially nickel at high temperatures. Since solubility
is temperature dependent, the LBE tends to dissolve the structural materials (cladding) in the hot sections
of the system and precipitate it in the cold sections of the system, clogging the piping [7]. This problem has
brought critical challenges, i.e. how to reduce the corrosion rate and/or how to design novel corrosion-resistant
materials. The corrosion process must be understood, controlled and reduced for safety and economic reasons.
One technique to reduce the corrosion is to develop a stable oxide scale (self-healing protective ﬁlms)
on the structural materials (cladding, pipe, vessel system, etc.) surfaces to prevent direct dissolution of metal
components by maintaining the necessary concentration of dissolved oxygen in the LBE coolant [5, 7–11].
This protective oxide reduces the dissolution of structural materials into LBE, since the material components
∗ Correspondence:
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must ﬁrst pass through the oxide ﬁlms [7]. The active oxygen control in lead or LBE coolant can bring to
acceptable low corrosion rates and help prevent slag formation and plugging. Experiments show that the oxygen
concentration was controlled within the range between formation of magnetite Fe 3 O 4 layers and formation of
PbO oxide [12]. To control the concentration of oxygen dissolved in LBE, a sensor for measuring oxygen activity
is required [9]. However, it is impossible in an operating reactor to visually inspect the surface condition of
materials to verify that oxide is present hence protecting those structural materials [7].
Although many corrosion experiments had been reported [3–12], a method to completely and eﬀectively
handle the corrosion is still needed. In addition, it is not easy to do the corrosion experiments in an operating
reactor. To overcome this diﬃculty, computational methods have become an important way to study and
predict the phenomena. In the present work we use the method of molecular dynamics (MD) [13–17]. Maulana
et al. have used MD to investigate penetration depth of Pb and Bi atoms into iron material [15]. This type
of corrosion was investigated based using the Lennard-Jones potential. However, in their preliminary study,
they did not study the corrosion phenomena based on the diﬀusion coeﬃcient calculation and also they did not
address the reduction mechanism. In previous [14] and current work, we study the corrosion and its reduction
based on the diﬀusion coeﬃcient calculation. We continue with the Lennard-Jones potential for simple MD
simulations, with potential parameters taken from experimental data (see Table).
Table. The Lennard-Jones potential parameters that were used in the present work.

Pair Interaction
Fe-Fe
Pb-Pb
Bi-Bi
O-O
Bi-O

σ (Å)
0.400
0.191
0.059
0.010
0.025

ε (eV)
2.319
3.189
3.050
3.428
3.149

Pair Interaction
Fe-Pb
Fe-Bi
Fe-O
Pb-Bi
Pb-O

σ (Å)
0.277
0.154
0.064
0.106
0.044

ε (eV)
2.754
2.685
2.784
3.119
3.218

Soontrapa and Chen [16] used the Embedded Atomic Method (EAM) potential for MD simulation to
describe the atomic interaction for metal/metal oxide systems. They continued the study using the EAM
potential to model the iron oxidation during magnetite development [17]. However, they did not study the
corrosion based on the coeﬃcient diﬀusion calculation as we have in our work.
Experimental studies show that temperature, oxygen concentration, ﬂow velocity of coolant, material
composition and thermal gradient play important roles in the corrosion process [12]. In our work, we studied
the corrosion based on the temperature and oxygen concentration variations. Via molecular dynamic simulation,
we have developed a quantitative and qualitative conclusion for using oxygen injection as a reduction technique
in LBE iron corrosion. In our simulation model the corrosion was studied by assumption that the corrosion is
mainly the result of iron dissolution [5]. For safe application, corrosion-resistant materials must be usable not
only under normal condition but also under temporary anomalous conditions.
Rivai and Takahashi have communicated that the cladding temperature of lead alloy-cooled fast reactors
can suddenly rise up to near 800 ◦ C for several minutes to hours, under abnormal (accidental) conditions. The
maximum temperature of cladding can reach 792

◦

C due to ULOHS (unprotected Loss of Heat Sink)/ULOF

(unprotected Loss of Flow) [18]. Rivai and Takahashi [19] have also reported the corrosion behavior of Al-Fe
coated steel in molten LBE at a temperature of 700 ◦ C [19].
Based on these important pictures, and based on the availability of experimental data [5], we focus our
study on simulations at temperature 750 ◦ C. As a preliminary study, we explore the pure iron material (major
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component of steels). The aims of the study is then:
• to investigate the corrosion of iron in high temperature stagnant molten LBE (> 500 ◦ C);
• to evaluate proper oxygen content of injection for signiﬁcant and eﬀective reduction of iron corrosion.
2. Theoretical background
2.1. Interatomic potential
Molecular dynamic is a simulation method where under certain condition the atoms of the system are allowed
to evolve for a speciﬁed period of time and then the atomic trajectories are able to be evaluated via Newton’s
2 nd law of motion:




F i = ∇U = mi

d2 r i
,
dt2

(1)

where U is potential energy of the system, ri is the position of atom i, mi is the mass of atom i, and t is
time. We used the Lennard-Jones (LJ) n-m potential for interaction of all particles [20]:
U (r) = kε

 σ n
r

−

 σ m 
r

,

(2)

where σ and ε are the LJ potential parameters. Coeﬃcient k speciﬁes the potential function:
k=

n  n m/(n−m)
.
n−m m

(3)

Values n = 2 and m = 12 give the popular LJ potential of the form

 
σ 12  σ 6
.
U (r) = 4ε
−
r
r

(4)

To maintain the validation of LJ potentials we used the Fe-Fe and Pb-Pb pairs interaction as reported by
Zhen and Davies [20], O-O interaction by Lemmon and Jacobsen [21] and Bi-Bi interaction from ﬁtting of the
EAM pair potential [22]. Cross-interactions (Fe-Pb, Fe-O and Pb-O) were approached by using the popular
Lorentz-Berthelot mixing formula:
(σAA + σBB )
σAB =
(5a)
2
√
εAB = εAA · εBB
(5b)
The LJ parameters used in our simulation can be seen as in the Table. To get all trajectories of atoms we
solved the Newton equation (1) using the MOLDY molecular dynamic program [14–17, 23, 24]. This code is an
open-source package program, easy to operate for producing the thermodynamics quantities and can be used
for liquids, solids and also gases studies.
2.2. Corrosion and diﬀusion coeﬃcient
Corrosion may be deﬁned as a degradation of structural materials into its constituent atoms. Generally, corrosion
denotes transfer of electrons due to chemical reactions. However for liquid metal corrosion this deﬁnition should
be broadened to the formation of solution of solid metal in a liquid metal due to solubility of the solid metal,
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where no transfer of electrons is involved [25]. Solubility of iron, chromium and nickel in lead, bismuth and
LBE plays an important role in corrosion phenomena when using heavy liquid metals (e.g. LBE) as a coolant
[5, 7]. During operation of nuclear reactors, the ﬁssion reactions in the fuel, inside the cladding, produce the
high heat, hence high temperatures in which the cladding material resides. At high temperature there is high
solubility of metal elements Ni, Cr but mainly Fe in high temperature molten LBE leading to high corrosion
[7, 9, 18]. This is a hot, non-galvanic type corrosion [25]. Furukara et al. communicated that solubility of
iron, nickel and chromium was higher in LBE than in other liquid metal-sodium solutions [26]. Gromov et
al. reported that the solubility of Ni, Cr and Fe in LBE could be formulated as log CNi = 1.53 − 843/T ,
log CCr = −0.02 − 2280/T and log CF e = 2.01 − 4.380/T , respectively [27].
Based on the above descriptions, in our work the corrosion is treated as a pure diﬀusion process without
chemical reaction or transfer of electrons. We focus on the diﬀusion of iron in molten LBE. To evaluate
the corrosion by dissolution of iron, we use three equations: the mean square displacement, MSD, the popular
Einstein relation of diﬀusion coeﬃcient, D , and the general Arrhenius formula, D(T ), as shown in the following
equations, respectively [28]:
M SD = r (t) − r(t = 0)|2 ,
r(t) − r(t = 0)|2 
,
t→∞
6t

A 1
D (T ) = D0 exp − ·
.
R T

D = lim

(6)
(7)
(8)

Here, T is temperature, R = 8.314 Jmol −1 K −1 is the universal gas constant, and A is activation energy for
diﬀusion to be happened.
3. Simulation details
The MD simulation was applied to study the atomic interactions of iron, coolant and oxygen. The iron diﬀusion
coeﬃcients are calculated from simulations to explain the corrosion phenomena and eﬀects of oxygen injection
into coolant. To realize our work we divided our simulations as the below steps.
3.1. Iron diﬀusion calculation without oxygen content
The ﬁrst simulation is to calculate D(T )0wt% , the temperature dependence of iron diﬀusion coeﬃcient in LBE
that represents the normal corrosion before mitigation eﬀort by injecting oxygen. The ﬁrst simulation is also
meant to check the validity of the corrosion simulation model. The simulation is initiated with the arrangement
of 1729 iron atoms in bcc crystal (with lattice constant 2.8286 Å and atomic mass 55.847 a.m.u), placed in the
centre of coolant, as shown in Figure 1. The LBE coolant has density 0.0274 atoms/Å 3 that composed of 2540
(∼45wt% ) lead and 3037 (∼55wt%) bismuth. The atomic mass of lead and bismuth are 207.19 a.m.u and
208.98 a.m.u, respectively. The dimension of the whole Fe-LBE system is 63.2×63.2 ×63.2 Å 3 . To calculate
D(T )0wt% we ran several simulations at elevated high temperatures: 750 ◦ C, 775 ◦ C, 800 ◦ C, 825 ◦ C, 850 ◦ C,
875 ◦ C, 900 ◦ C, 925 ◦ C, 950 ◦ C, 975 ◦ C and 1000 ◦ C. The Moldy control parameters of simulation are: NPT
ensemble, Anderson zero constant pressure, time step (dt ) of 0.0001 ps and 100000 steps of MD simulation. After
simulations, D(T )0wt% was calculated using equations (6), (7) and (7). To validate the results we compared to
available experimental data as reported by Zhang and Li [5]. The validated simulation model then will be used
for next simulation.
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3D view

Fe

3D view

front view
LBE

Figure 1. Model of corrosion simulations (Jmol visualization code, at http://www.jmol.org).

3.2. Determination of oxygen content
The second simulation injects the oxygen atoms into LBE coolant to reduce the corrosion. As reported by
experiments [3–5], the oxygen content is very small compared with the coolant material. Then we need to make
adjustment to our simulation model in order to close to experiment. We expand our size of simulation model in
order to get better results. The FeO(LBE) system has dimension 123 ×124 ×125 Å 3 where the iron bcc bulk is
still placed in the center of the system and the oxygen atoms are inserted and distributed evenly in LBE with
certain wt%. The number of iron atom is 10745 and the LBE coolant is composed from 20027 (44.3 wt%) lead
atoms and 24979 (55.7 wt%) bismuth atoms. The simulation temperature is the same in each case, 750

◦

C,

but with diﬀerent oxygen content: 226 atoms (0.0386 wt%), 340 atoms (0.0581 wt%), 450 atoms (0.0768 wt%),
674 atoms (0.115 wt%), 906 atoms (0.155 wt%), 1132 atoms (0.193 wt%) and 1348 atoms (0.230 wt%). The
atomic mass of oxygen is 15.998 a.m.u. The consideration of using a ﬁxed single temperature 750 ◦ C in the
simulations is in order to be able to check with available experimental data that have been reported by Zhang
and Li [5]. This is also to accommodate the abnormal condition of fast reactor accident where it can be about
750 ◦ C as we state in introduction section [18]. The second simulation should be able to predict the proper
oxygen content for signiﬁcant and eﬀective reduction of iron corrosion by evaluating the RDFs, MSD, D , and
microstructure pictures (plot of coordinates) of iron. The Moldy control parameters are similar to section 3.1,
but with 160000 MD step or 16 ps in time.
3.3. Iron diﬀusion calculation with oxygen content
The results obtained from second simulation bring leads to the prediction that a proper oxygen content leads
to signiﬁcant reduction of corrosion rate. The purpose of the third simulation is to calculate the iron diﬀusion
D(T ) after oxygen injection. These simulations are similar to the FeLBE system as described in Section 3.1,
however with the proper oxygen content injected. All simulations have same proper oxygen-content, based on
conclusion of second simulation result, but with diﬀerent temperatures.
4. Simulation results
4.1. First simulation
From the ﬁrst simulation we calculate the diﬀusion coeﬃcient of iron in LBE without oxygen injection using
equations (6)–(8). In Figure 2, the logD(T ) data were plotted against 1/ T . The plot of data shows a linear
136

ARKUNDATO et al./Turk J Phys

graph with correlation coeﬃcient R2 of 0.984 and can be described by the relation
logD (T ) = −1020.699

1
− 7.277.
T

(9)

Using this equation the temperature dependence of diﬀusion coeﬃcient of iron in LBE (without oxygen) can be
expressed as
D (T )0wt% = 5.280 × 10−8 exp (2340.179/T )
-8.3
0.001

0.00105

0.0011

0.00115

0.0012

[m2 s−1 ].

(10)

0.00125

log D(T)

-8.35

-8.4

-8.45

-8.5

-8.55

1/T (°C)

Figure 2. The plot of log D versus 1/ T results from Fe in LBE simulation. The linear graph has correlation coeﬃcient
R2 = 0.984.

4.2. Second simulation
The plots of MSD, RDF and diﬀusion coeﬃcient of iron for diﬀerent oxygen content are shown in Figures 3, 4
and 5, respectively. From Figure 3, showing the MSD curves, we see that a small oxygen injection can induce
a reduction in corrosion rate. From Figure 4, showing the RDF curves, we know that the injection of oxygen
maintained the stability of solid phase iron. A clear conclusion is derived from Figure 5, showing the diﬀusion
coeﬃcient. Here, there is a narrow range where the corrosion rate is very low and stable. This range is limited
by two threshold numbers, the lower limit, 0.0768 wt%, and the upper limit, 0.155 wt%. Injecting oxygen more
than 0.155 wt% can precisely stimulate the appearance of high corrosion again. Analysis of curves in Figures
3, 4 and 5 strongly suggests there is an optimal oxygen content which will signiﬁcantly, stably and eﬀectively
slow the corrosion rate. The injection of oxygen content between of 0.0768 wt% and 0.155 wt% will be a good
treatment to reduce high iron corrosion signiﬁcantly and eﬀectively.
4.3. Third simulation
In third simulation, 0.0768 wt% of oxygen is added to LBE coolant. Then we run simulations of the FeO(LBE)
system for several elevated temperatures as discussed in Section 3.1. The plot of log D(T ) versus 1/ T , obtained
from the simulation, is shown in Figure 6.
5. Discussion
5.1. Simulation results
Some important results have been achieved in the present work. The diﬀusion coeﬃcient of iron at 750 ◦ C can
be calculated using equation (10):
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120
8

0.000wt%
0.0386wt%
0.0581wt%
0.0786wt%
0.115wt%
0.155wt%
0.193wt%
0.230wt%

100
0.000wt%

7

0.0386wt%

g(r)

0.0768wt%

5
MSD [Å²]
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0.0581wt%

6

0.115wt%

4

0.155wt%

3

0.193wt%
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2
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1
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0
0

2

4
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time [ps]

8

10

0
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6

8

10

12
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Figure 3. The MSD curves of iron for diﬀerent oxygen
contents. Note that oxygen content above 0.0581 wt%
drastically reduces the iron diﬀusion.

Figure 4. The RDF functions for iron in LBE. The lowest
curve (black) is for the condition without oxygen injection
and showing a liquid trend. With oxygen injection into
LBE the RDFs show a solid trend.

D (T = 750C)0%wt. = 2.331×10−9

m2 s−1 .

(11)

Zhang and Li communicated that S. Banerjee, from his experimental work, reported that the diﬀusion coeﬃcient
of iron in LBE at temperature 750

◦

C is 2.27 ±0.11 × 10 −9 m 2 s −1 , which means the diﬀusion coeﬃcient is

in the range of (2.16–2.38)×10 −9 m 2 s −1 [5]. Then our calculation, as shown in equation (11), lies perfectly
within this range. Thus the simulation result is in a good agreement with the experimental result at temperature
◦

750 C. Then we consider that we can use our corrosion model in this work for further study of lead-bismuth
eutectic corrosion.
-8.800
0.00100 0.00110 0.00120 0.00130 0.00140 0.00150 0.00160 0.00170 0.00180

-9.000

1.6E-09

-9.200

0.0386%

1.4E-09

-9.400

1E-09 0.000%

log D(T)

D(T=750 °C)

1.2E-09
8E-10
6E-10
4E-10

0.230%

0.058%

2E-10
0
0.000%

-9.800
-10.000
-10.200

0.077%

0.155%

0.193%
0.115%
0.050% 0.100% 0.150% 0.200% 0.250%
wt% of oxygen content

Figure 5. The iron diﬀusion coeﬃcient in LBE for different oxygen content. By using equation (7) we develop
a clearer conclusion that injecting of 0.0768 wt% oxygen
has reduced the iron corrosion signiﬁcantly and eﬃciently.
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Figure 6. Plot of log D versus 1/ T for iron diﬀusion
by injection of 0.0768 wt% oxygen. The line is ﬁt to the
− 6.275 and R2 = 0.972.
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In Figure 3, the lower MSD curves indicate low diﬀusion (or corrosion) rates. The RDF curves of Figure 4
can give a description of the material phase. Under conditions without oxygen injection the iron component has
been brought to the non-solid phase condition as a result of interaction with LBE atoms. The iron component
has been pushed to experience high corrosion. We can see from Figure 4, after injection of oxygen, the RDF
curves show a characteristic indicating a trend toward solid phase condition. A very clear conclusion is from
Figure 5. We can see the injection between 0.0768 wt% and 0.155 wt% will lower the corrosion to the lowest
and most stable level.
The temperature-dependent diﬀusion coeﬃcient of iron D(T ) at 0.0768wt% oxygen content was calculated in the third simulation. The result is shown in Figure 6, via plot of logD versus 1/ T. We can derive from
this graph that the temperature-dependent diﬀusion coeﬃcient of iron is
D (T )0.0768%wt. = 5.312 × 10−7 exp (5981.124/T )

m2 s−1 .

(12)

Figure 7 shows a comparison between D(T )0 wt% and D(T )0.0768 wt% . Figure 8 shows the microstructure of
iron for diﬀerent weight-fractions of oxygen. Figure 8a shows a microstructure of iron before simulation, that
is the bcc crystal. The microstructure of iron after 160000 simulation steps without oxygen issue is shown in
Figure 8b, describing the high corrosion condition of iron at 750 ◦ C. A fascinating picture is shown in Figure
8c, for an injection of 0.0586 wt% oxygen. Note that the iron structure has started to stabilize from high
corrosion. Figures 8d–8f show the performance of iron with 0.0786–0.155 wt% oxygen injection at 750 ◦ C, that
they exhibit very low corrosion. The structure of iron is relatively stable as a solid bcc crystal, primarily for
Figure 8e. However, a slightly accelerated corrosion appears for injection of 0.193 wt% in Figure 8g. We can
calculate the fractional reduction of diﬀusion (corrosion) via the following equation:
1.6E-09
1.4E-09

0.000wt%

D(T) [m²/s]

1.2E-09

0.0768wt%

1E-09
8E-10
6E-10
4E-10
2E-10
0

Figure 7. The comparison of D0.076

0

100

200

wt%

and D 0.00

300

wt%

400
T[°C]

500

600

700

800

of iron corrosion reduction. The corrosion rate has been

reduced signiﬁcantly by 0.0768 wt% of oxygen injection.

%Reduction(T ) =

D0 wt% (T ) − D0.768 wt%(T )
.
D0 wt%(T )

(13)

Figure 9 shows the plot of equation (13) for various simulation temperatures, using equations (10) and (12).
We can see that the reduction at temperature 550 ◦ C and 750 ◦ C is 98.66% and 92.16%, respectively. So, for
lower temperature then, the corrosion of iron tends to decrease as well.
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(a) bcc iron

(b) 0.000wt%

(c) 0.0586wt%

(d) 0.0768wt%

(e) 0.115wt%

(f) 0.155wt%

(g) 0.193wt%

Figure 8. Microstructure of iron in LBE (a) before simulation; (b) after 160000 steps (or 16 ps) of MD integration
without oxygen injection; (c–g) after 160000 steps (or 16 ps) of simulation with oxygen injection. Visualization with
Jmol (http://www.jmol.org).

5.2. Review on the oxides formation
The LBE coolant is aggressive to the structural material due to the high solubility of elements of material (such
as Fe, Ni and Cr) [7, 9, 18, 26, 29]. The injection of oxygen into LBE is believed to provide a partial barrier to
metal dissolution by the formation of protective oxide scales/layers/ﬁlms on the metal surfaces. The range of
possible oxygen concentrations/contents is regulated by the necessity to establish a protective oxide scale and
to avoid liquid metal oxides precipitation [29]. Figure 10 shows the division of corrosion area of iron in LBE,
for temperature 750 ◦ C.
From simulation results, a clear trend (see Figures 5 or 10) is observed in that the degradation of iron is
decreased drastically and stable following an oxygen injection of 0.0768 wt% (lower limit), subsequently forming
a stable protective oxide ﬁlm in the solution. The stability of lowest corrosion can be maintained to the upper
limit of fractional injection, 0.155 wt%. In this way, a useful range of oxygen content in a system containing LBE
is advised; that is deﬁning a lower limit (0.0768 wt%), where the development of magnetite is guaranteed and
an upper limit (0.155 wt%) leads to the precipitation of lead oxide [29]. Within this range the protectiveness of
the oxides can vary as a function of the structural material composition [29]. From a thermodynamics point of
view, the injection of 0.0768 wt% oxygen provides a suﬃcient potential to develop a stable magnetite layer on
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the material surface. In general, the lower limit for the oxygen content is deﬁned by the stability of protective
oxides, such as magnetite oxides (Fe 3 O 4 ), while the higher limit (upper limit) is established by the precipitation
of coolant oxide, for example PbO [29]. The precipitation of liquid metal oxides PbO is not desirable due to the
risks of erosion and clogging. The range of oxygen content between lower limit and upper limit seems to be able
to provide a longer protection to the alloy from corrosion. The upper limit of oxygen avoids the contamination
by coolant oxides. The lower limit of oxygen enhances the corrosion protection by the self-healing oxide layer
which depends on the structural material [27]. The main oxide formed in LBE coolant is lead monoxide (PbO)
as it is the most stable oxide when compared to other lead oxides and bismuth oxides [27].
120.00%

% of reduction

100.00%
80.00%
60.00%
40.00%
20.00%
0.00%
200

400

600

800

1000

1200

T(°C)

Figure 9. Plot showing reduction of diﬀusion rate after
injection of 0.0768 wt% of oxygen. At 750 ◦ C temperature
the diﬀusion (corrosion) rate is reduced to about 92.16%.

PbBi

Figure 10. The three areas of corrosion for iron in LBE:
dissolution area, self-healing iron oxide layer area and precipitation area.

Fe

(a) 0.000wt%

(b) 0.0581wt%

(c) 0.0768wt%

(d) 0.115wt%

(b) 0.155wt%

(c) 0.193wt%

Figure 11. The microscopic views of Pb atoms, Fe atoms and oxygen atoms for various wt% of oxygen injection after MD
simulation at 750 ◦ C. Figure (a) is without oxygen injection. Visualization constructed with Jmol (http://www.jmol.org).
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From theoretical point of view it is possible to promote protective oxide ﬁlm by assuring that the oxygen
potential in the liquid metal is above the potential for ﬁlm formation on the structural material in the high
temperature range (> 450 ◦ C) [27]. Our simulation (Figure 10) shows we have three diﬀerent corrosion regimes
as function of oxygen concentrations. When the oxygen content is too low (< 0.0768 wt%) the dissolution of iron
nonetheless occurs. At higher oxygen contents (> 0.155 wt%) oxidation occurs, which results in the degradation
of the structure and/or the formation of Pb oxides. Between these two extremes there exists a narrow transition
region where the kinetics transition between dissolution and oxidation and the overall reaction rate is kept very
small [27]. From the point of view of active oxygen control then the lower oxygen limit is ﬁrstly determined by
the relative thermodynamic stability of the oxide when compared to the Pb oxide, the more stable the lower
the oxygen potential, and the largest operational temperature range [27].
Iron is oxidized when it is immersed in molten LBE containing suﬃcient oxygen [7]. The amount of
oxygen which is needed is determined by temperature and the corresponding free energy of formation of the
oxide. The Ellingham diagram is a plot of the free energies of formation of various oxides, plotted against
temperature and with the nomograph to calculate the corresponding partial pressure of oxygen for various
points on the plot. On this plot, if the state of the LBE (corresponding to temperature and oxygen content)
is above the line for a particular oxide, then that oxide is thermodynamically stable and can form, given the
proper chemical kinetics [7]. On the contrary, if the state of the LBE is below the line, then that oxide cannot
form (regardless of kinetics). According to this Ellingham diagram then the oxygen content of the LBE can
be set, for a given temperature, to be below the PbO line such that neither the lead nor the bismuth in LBE
can be oxidized; yet the LBE can still have enough dissolved oxygen to oxidize the iron, since the line for this
element is below the lines for lead and bismuth oxides [7]. As this study is a preliminary study then we conﬁne
our work to analyze the lower and upper limit of oxygen content based on the simulation result. We do not
explore the Gibbs free energy from simulation results, but do intend to examine it in subsequent work.
Now we discuss and see the microscopic view of the structure of materials, PbBi coolant, iron and oxygen.
Figure 11 visualizes why the high corrosion of iron can be reduced by oxygen. Figure 11a shows that without
oxygen injection, Pb and Bi atoms near enough to iron will interact strongly with Fe atoms at iron surfaces.
Many Pb and Bi atoms can penetrate the surface of iron, causing high degradation or corrosion. However,
injecting 0.0581 wt% of oxygen into LBE seems to start to create a very narrow barrier that separates the LBE
atoms, Pb and Bi, and Fe atoms at their surfaces (Figure 11b). The iron oxide layer starts to develop to maintain
the bcc structure of iron from LBE attack. However with this amount of oxygen injection the corrosion is still
relatively high at the surface of iron (Figure 11b). The injection of oxygen in the range of 0.0768–0.155 wt%
seems to be able to develop a stable iron oxide layer to protect the structure of bcc continuously (see Figures
11c–e). However, increasing the oxygen content of injection (to more than 0.155 wt%) seems to start the
precipitation process that stimulates more corrosion. Figure 11f shows injection of 0.193 wt% oxygen that
results in a precipitation. Many oxygen atoms assembled together with Pb atoms that may develop the PbO
oxide. Figure 8e has also conﬁrmed the degradation of iron for 0.193 wt% injection of oxygen. The iron oxide
layer has been scrapped by LBE coolant. Soontrapa and Chen [16, 17] have also investigated the MD method
about the formation of magnetite (Fe 3 O 4 ). They used the advanced potential of EAM type to interact among
the metal atoms. They can also show the formation of iron oxide layer nicely. However they did not study the
eﬀect of oxygen injection with various contents. In our simulation at least we can show that there are three
areas of iron corrosion.
Now we discuss and compare to the experimental results. The paper by Kurata and Saito [30] shows that
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there is a correlation between oxygen content and temperature for steel in LBE. To maintain the protective
oxide layer, the oxygen content must be increased at LBE higher temperature. They have reported that the
corrosion of 316SS steel was reduced using oxygen injections of 3.2×10 −4 wt% at 450 ◦ C, 6.3 ×10 −4 wt% at
500 ◦ C, 1.2 ×10 −3 wt% at 550 ◦ C, and 2.0 ×10 −3 wt% at 600 ◦ C. This result was also reported by Soler
et al. [31], in which they experienced corrosion reduction of T91 martensitic steel in lead-bismuth eutectic by
injecting 2.0×10 −3 wt% at 600 ◦ C. In the present work, protection was achieved with 7.68 ×10 −2 wt% oxygen
injection in LBE at 750 ◦ C. Looking at those experimental results, we assume that our work and results are
in agreement for temperature 750 ◦ C. In addition, we investigated the iron material and not steel. There is
also the experimental data of EP823 steel corrosion in liquid lead [32]. The corrosion reduction was studied
by injecting oxygen at about 10 −3 wt% at 700

◦

C. Zelenskii et al. [3] also studied the 15Kh12MS2AG steel

◦

in liquid lead at 750 C, using an oxygen injection of 1.9×10 −2 wt% to reduce the corrosion. Lead oxide
PbO was introduced into the lead to ensure constant oxygen content in lead during the test at the level of
1.9 ×10 −2 wt%. After testing, a barrier layer is oxide created that prevents high corrosion [3]. Steel was used,
not iron, with a coolant using molten lead. The test of corrosion-resistant steel in LBE have also been reported
by Rivai and Takahashi [13], using novel steel Al-SUS304-sputtering-coated HCM12A that introduced 2×10 −5
wt% oxygen content at the high temperature 800 ◦ C. So, the oxygen content seems also to be inﬂuenced by
the quality of the steel as well as the temperature.
6. Conclusion and suggestion
The study of iron corrosion reduction in LBE coolant by molecular dynamic method has been successfully studied. We found that the diﬀusion coeﬃcient of iron in molten LBE was D (T )0wt% = 5.280×10−8 exp (2340.179/T )
m 2 s −1 without oxygen content. Signiﬁcant and eﬀective reduction of iron corrosion can be achieved by injection of about 7.68×10 −2 wt% of oxygen atoms into LBE coolant for starting the development of protective
oxide. The oxygen injection of more than 1.55×10 −1 wt% will induce high corrosion, on the contrary. From
microstructure of the iron, we can see the injection of (7.68×10 −2 –1.55 ×10 −1 wt%) oxygen atoms seem to
be able to stabilize the iron structure signiﬁcantly. The temperature dependence of the diﬀusion coeﬃcient
of iron has been reduced to D (T )0.0768wt% = 5.312 × 10−7 exp (5981.124/T ) m 2 s −1 with oxygen content of
◦

7.68 ×10 −2 wt%. Taking the value of the iron diﬀusion coeﬃcient at 750 C, we see that there is a signiﬁcant
reduction of iron corrosion to about 92.16% with injection of 0.0768 wt% oxygen; and at temperature 550 ◦ C
we have reduction of about 98.66%. Comparison of experimental results with our work also show there are
three regions of corrosion: a high corrosion region below the lower limit of oxygen content (7.68 × 10 −2 wt%)
for dissolution of iron; a high corrosion region above the upper limit of oxygen content (1.55 × 10 −1 wt%)
for precipitation of coolant oxides; and a very narrow corrosion region with self-healing stable protective oxide
layers between lower limit and upper limit. For better results we suggest doing a larger scale simulation (on
the order of millions of atoms) using MD parallel simulation, and also developing or using a better potential
function of metal atomic interactions.
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